An adequate, nutritious diet is the basic consideration in the treatment of patients with liver disease, particularly cirrhosis (1). However, because of the frequent digestive disturbances encountered in these patients, occasions arise when an adequate intake of nutritious foods cannot be maintained, and complemental or complete nutritional feeding by the intravenous route would appear indicated. Infusions of glucose and vitamins prepared for parenteral use are widely employed, but the desirability of administering protein hydrolysates intravenously to patients with hepatic insufficiency has been the subject of controversy. Thus, it has been stated that amino acids administered parenterally to such patients are not as promptly deaminized and result in a higher incidence of untoward reactions than when administered to normals (2) (3) (4) , so that "intravenous injection is contraindicated in severe hepatic insufficiency" (5) . Nevertheless, since other investigators have been unable to confirm any significant decrease in the rate of deaminization of amino acids following their intravenous injection or any increase in untoward reactions (6) (7) (8) (9) , parenteral protein hydrolysates have been quite extensively employed as a therapeutic adjunct in the treatment of patients with cirrhosis of the liver and with infectious hepatitis (10) (11) (12) .
The experiments reported here were undertaken to clarify the controversy regarding the desirability of administering protein hydrolysates pa-preliminary report of this investigation was included in the Proceedings of the Fortieth Annual Meeting of the American Society for Clinical Investigation, May 3, 1948. 8U. S. Public Health Service Postdoctorate Research Fellow.
renterally to patients with liver disease. Observations were made of the clinical tolerance, the metabolism and excretion, and the therapeutic value of a 10 per cent solution of amino acids administered intravenously in amounts of 500 to 1,000 cc. daily for from two to four weeks as the sole source of nitrogen and, of lipotropic substances to four patients with active cirrhosis of the liver. The results indicate that intravenously administered amino acids are well tolerated by patients with severe liver disease, are metabolized and excreted in a manner differing little from normal, and may promote clinical improvement when administered as the sole source of nitrogen and of lipotropic substances.
MATERIALS AND METHODS
The clinical and laboratory observations of the four patients with cirrhosis of the liver selected for this study are tabulated in Table I . Each gave a history of longstanding alcoholism and of meager dietary intake. Three of the patients (B. B., W. C., and J. Q.) were deeply jaundiced and acutely ill at the time the study was begun.
A purified diet adequate in calories but devoid of protein (supplying only 0.1 gram of nitrogen daily as determined by macro-Kjeldahl analysis 4) was used in all studies. Its composition and ability to maintain nitrogen balance and constant weight with the addition of 85 grams of purified casein ("Labco") as the sole source of nitrogen have previously been described (13) . The diet contained no source of the vitamin B complex except choline in small amounts (30 to 100 mgm. daily as estimated from standard food tables). A capsule5 containing vitamins A, C, D, B,, B2, niacin, B,, and pantothenic acid was given daily.
Protein was supplied intravenously as a 10 per cent solution of amino acids8 prepared by the recombination 4One patient (J. G.) received 15 grams of "Nescafe" daily, increasing the nitrogen intake by 0.25 gram. 5 (14) . The composition of the solution employed (average of the nearly identical lots) and the quantity of amino acids infused are tabulated in Table II . The results are based on analyses by microbiological assay (15) . The basal diet was ingested at regular meal hours. The day's protein (500 to 1000 cc. of the 10 per cent solution of amino acids) was administered in one rapid intravenous injection each morning, usually over a period of one-half to one and one-half hours. Hypertonic glucose (50 to 100 grams) was added to the infusion mixture, and the injection was made one hour after a 1,000 calorie breakfast, in order to achieve maximum utilization of the infused amino acids by the simultaneous provision of adequate carbohydrate and protein (16) . The total intake for the four patients during the study averaged 4,500 (J. G.), 1700 (B. B.), 3,500 (W. C.), and 4,200 (J. Q.) calories daily.
The daily urine and pooled stool nitrogen analyses were determined by the standard micro-or macro-Kjeldahl methods. The alpha amino nitrogen was determined by the gasometric ninhydrin method as described by Hamilton and Van Slyke for blood (17) , and by Van Slyke, MacFadyen, and Hamilton for urine (18) . The serum non-protein nitrogen was determined by Folin's microKjeldahl method with direct nesslerization (19) . The urines were assayed for the eight amino acids essential for man and for arginine and histidine by the microbiological method of Stokes et al. (15) . As measurements of liver function, the serum bilirubin (20) , thymol turbidity (21) and flocculation, urine urobilinogen, plasma prothrombin concentration, bromsulphalein retention, and serum albumin concentration (22, 23) were determined. Tissue obtained by punch biopsy ("Vim"-Silverman needle) from the liver of one subject both preceding and following the study period was fixed in 10 per cent formalin, stained with hematoxylin and eosin, and examined microscopically.
RESULTS
The amino acid mixture was well tolerated clinically. No untoward reactions were noted by patients J. G. and J. Q., even though the infusion of 50 grams of amino acids was usually completed within one hour. A transient diminution of appetite was noted by patient W. C. following several of the infusions, but rarely persisted for more FIG. 2 than one or two hours. Nausea and retching occurred on three occasions following an attempt at forced feeding of sweetened drinks immediately after the infusion. Patient B. B. complained of constant anorexia that both preceded and followed the present study. Although this digestive disturbance was not aggravated further by infusions of 500 cc. of the amino acid solution, 1,000 cc. infusions, even though administered more slowly, were followed on three occasions by nausea and vomiting. Thrombosis of the infused vein did not occur in any patient. An increased incidence of untoward reactions was not observed while the patients were deeply jaundiced and acutely ill. Despite the severity of the patients' illness and the rapidity of the infusions, distressing symptoms were noted but six times following 79 infusionsa reaction incidence of less than 8 per cent.
The nitrogen balance data for these patients is summarized in As mentioned previously, peripheral edema became evident in two patients. In addition to-generally improved liver function tests and physical findings, each patient experienced subjective improvement. This was evidenced by* increased physical and mental activity, a greater desire to eat, and an enhanced sense of well-being. Liver punch biopsies obtained from patient W. C. prior to the study and at its conclusion (20 day interval) were reported as follows: 7 An adequate portion of liver was obtained. The loss in the urine of alpha amino nitrogen and of each of the 10 "essential" amino acids following the infusion of the amino acid solution is tabulated in Table V .8 There was a loss from ex-8 A portion of the amino acids excreted into the urine is of endogenous source (25) . All values listed in Table  V (25) . Actually, the "endogenous" values are so small in relation to the quantity of amino acids lost following, infusions of protein hydrolysates as to be relatively insignificant. well as of alpha amino nitrogen, excreted into the urine (Table V) . However, it is apparent that certain of the amino acids were more freely lost than were others. Thus, as a group, the patients excreted fairly large percentages of administered threonine and histidine, a small percentage of arginine, and intermediate percentages of the other amino acids. The percentage of individual amino acids and of alpha amino nitrogen given which was lost in the urine by patient J. Q. was as great when 50 grams were given daily and negative nitrogen balance resulted, as when he received twice the quantity and nitrogen equilibrium was attained.
The patterns of the 10 "essential" amino acids in the solution administered intravenously and in the urine are shown in Table VI and plotted in Figure 5 . The proportion of the "essential" amino acids in the mixture differed considerably from that excreted in the urine. For example, although arginine and histidine were present in similar proportions in the mixture infused (4.2 and 6.6 per cent of the total 10 "essential" amino acids, respectively), their pattern in the urine was altered so that proportionately far more of the 10 amino acids excreted (average of the four patients) was composed of histidine (15.6 per cent) than of arginine (0.7 per cent). The amino acid pattern 
II. Metabolism of parenterally administered amino acids in liver disease
Evidence that the intravenously administered amino acids were normally metabolized by the patients with liver disease was the positive nitrogen balance attained. Thus, three of the patients (J. G., B. B., and W. C.) maintained a positive nitrogen balance with an average retention of 3 grams of nitrogen daily throughout the period of study. The nitrogen balance in one of these patients increased from + 2.2 grams daily to + 7.4 grams daily when the quantity of protein administered was doubled. The fourth patient (J. Q.) was in slight positive nitrogen balance while receiving 100 grams of amino acids daily for six days. The latter individual, however, failed to maintain nitrogen equilibrium while receiving 50 and 75 grams of amino acids intravenously daily for 22 and for two days, respectively. Oral supplements of phenylalanine and threonine, amino acids which favor nitrogen conservation in dogs (29) , did not alter the negative nitrogen balance. The provision of 50 grams of amino acids to this patient of large stature only represented approximately 0.5 gram of protein per kilogram of body weight which borders on the minimum oral requirement (30) . Furthermore, the quantitative requirement of hydrolyzed protein administered intravenously is likely greater than that of an equivalent quantity of whole or of hydrolyzed protein given orally (31, 32) . Because the latter patient maintained nitrogen equilibrium while receiving 100 grams of amino acids intravenously daily, it is suggested that during the protracted period of negative nitrogen balance he received an insufficient quantity of amino acids to fulfill the body protein requirements, particularly in view of the adequate caloric intake maintained throughout the study (4,200 calories daily). Thus, the provision of adequate quantities of amino acids intravenously permitted each of the patients with cirrhosis of the liver to achieve a positive nitrogen balance. The positive nitrogen balance did not reflect a retention of nitrogenous products in the blood, for the serum nonprotein nitrogen remained constant throughout the study (Table IV) .
Further evidence that the infused amino acids were completely metabolized was the failure to observe a progressive rise in the serum alpha amino nitrogen concentration in the patient receiving 100 grams of amino acids intravenously daily for 18 days (W. C., Table IV ). Although the ability of an impaired liver to deaminize promptly intravenously administered amino acids has been questioned, the blood amino acid values following infusions of protein hydrolysates do not differ greatly in normals and in patients with liver disease, as shown in Figure 6 . Thus, patients with liver disease are able to metabolize intravenously injected amino acids promptly and completely, whether given once as in the "tolerance tests" reported in the literature (2, 7-9) and plotted in Figure 6 , or given repeatedly as in the present study. 
INIFUSION
The significance of the slight weight gain observed in each of the patients (Figures 1-4) is difficult to evaluate. Gain in weight was associated entirely in one patient (J. Q.) and, at least in part, in a second (J. G.) with fluid retention, since both developed minimal peripheral edema during the study. Since patients with "decompensated" cirrhosis of the liver have an avidity for sodium and water (33) , it can not be stated with certainty that fluid retention did not occur in all of the patients in this study.
III. Excretion of parenterally administered amino acids in liver disease It was reported previously from this clinic that the average daily excretion of alpha amino nitrogen and of the 10 "essential" amino acids in the urine of patients with severe liver disease eating ad libitum did not differ markedly from normal subjects, although there was considerable variation among patients in the quantity of individual amino acids excreted (34) . Similarly, the "endogenous" excretion of amino acids by patient W. C.8 was similar to that found in the normal (25) . The present study presents further evidence that parenterally administered amino acids are excreted in patients with severe liver disease in a manner differing little from normal. The loss of alpha amino nitrogen in the urine by the patients with liver disease (Table V) was similar to that observed in a previous study in normals following infusions of equivalent quantities of the same hydrolysate (35 (Table IV) .
The observation that patients with severe liver disease excreted fairly large percentages of administered threonine and histidine and smaller percentages of the other amino acids following infusions of the amino acid solution is further evidence that amino acid excretion in liver disease is normal, since these amino acids were similarly excreted following amino acid infusions in normal subjects (35) . Furthermore, the post-infusion pattern of the "essential" amino acids excreted in the urine of the patients with cirrhosis was similar to that in normals, although the individual amino acids were not excreted in the same proportion as administered in either group (Table VI, Figure  5 ). The excretion pattern following the larger (100 gram) infusions in the patients with liver disease more closely resembled the pattern of the solution given than that following the 50 gram infusions. It was previously observed in normals that the amino acid pattern following rapid infusions of the amino acid solution more closely resembled the pattern of the amino acids given than that following infusions given more slowly (35) . Thus, the administration of amino acids intravenously slowly and in small quantity is followed by excretion in the urine of but minimal amounts of amino acids in a pattern differing from the pattern of the amino acids given, while the infusion of amino acids rapidly and in large amounts results in a greater excretion loss of alpha amino nitrogen and of individual amino acids in a proportion quite similar' to that in the solution administered. As discussed previously (35) , an interpretation of these observations is not possible until further data relating to renal clearance studies in man are available. Nevertheless, the similarity in the renal excretion of amino acids by normals and by patients with liver disease is apparent.
IV. Therapeutic value of parenterally administered amino acids in liver disease Improvement in the liver disease was observed in all patients during the period of study, as evidenced by a progressive decline in the serum bilirubin, degree of jaundice, and urine bile in each patient, a decrease in the size of the liver and spleen in two patients, and a distinct improvement in the histologic appearance of the liver structure in the second biopsy obtained in one patient. The im-provement in the liver function tests and physical findings was as marked when insufficient amino acids were administered intravenously and negative nitrogen balance resulted (patient J. Q., Table  I and Figure 4) , as when sufficient amino acids were available to attain positive nitrogen balance. This finding suggests that improvement in liver function in man can proceed even in the face of a negative nitrogen balance, perhaps as a result of mobilization of tissue proteins. That repair of injured tissue can take place during periods of insufficient dietary protein intake and negative nitrogen balance by the diversion of nitrogen from one organ of the body to another finds support in several studies. Thus, some replacement of liver protein occurs in partially hepatectomized rats maintained on a protein-free diet (36) , blood regeneration proceeds satisfactorily in anemic animals and man during periods of negative nitrogen balance (37, 38) , and considerable tissue repair (fibroplasia) occurs in the experimental wounds of rats maintained on a low protein diet (39) and presumably also during the "catabolic period" after damage in man. Under these circumstances, however, an adequate protein intake and retention would be necessary in order to replace the depleted tissue protein, and perhaps to enhance repair of the injured tissue.
Further studies in man are needed to determine whether liver repair is more satisfactorily achieved by an adequate rather than by an inadequate protein intake, or by diets containing supplements of additional protein or of "lipotropic" substances.
The present study does demonstrate, however, that liver repair in man can proceed when amino acids, even in amounts insufficient for nitrogen equilibrium, are administered intravenously as the sole source of nitrogen and of lipotropic substances except for small amounts of choline.
Post and Patek observed that patients with cirrhosis of the liver absorb and retain food protein as do patients with simple protein starvation, and differ from the latter group only by an impaired ability to synthesize serum albumin (27) . The difficulty of increasing the serum albumin concentration in undernourished patients with chronic liver cirrhosis by feeding a nutritious diet high in protein is well established (40, 41) . Thus, it is not surprising that the serum concentration of total protein and of albumin did not rise in the patients during the present study (Table I) .
It should be emphasized that the present study was undertaken to determine the clinical tolerance, metabolism and excretion, and therapeutic value of amino acids administered intravenously to patients with liver disease. It is neither the authors' intent nor desire to suggest that patients with liver disease receive each day a synthetic protein-free diet by mouth, and 50 to 100 grams of amino acids by vein as the sole source of nitrogen and of lipotropic substances. We firmly believe that therapy in liver disease is based upon the fundamental principle of insuring that nutritious food is eaten, digested, and absorbed. When an adequate intake of nutritious foods can not be maintained, however, the results of the present study indicate the desirability of providing the protein nutrients intravenously as amino acids. SUMMARY 1. Four patients with active cirrhosis of the liver were given a protein hydrolysate intravenously daily for from two to four weeks as the sole source of nitrogen. A purified diet furnished adequate calories, but only small amounts of choline.
2. The amino acid solution (50 to 100 grams of amino acids) was administered in one rapid injection each morning and was well tolerated clinically.
3. The provision of adequate quantities of amino acids intravenously permitted each of the patients to achieve a positive nitrogen balance which was not associated with azotemia or hyperaminoacidemia. 4 . There was a Foss into the urine of from 3 to 23 per cent of the alpha amino nitrogen administered. This loss correlated more closely with the size of the infusion than with the speed at which it was given, and did not progressively increase in any patient during the study. The individual amino acids were not excreted in the urine in the same proportion as administered, so that as a group the patients excreted fairly large percentages of administered threonine and histidine, a small percentage of arginine, and intermediate percentages of the other amino acids. These data are similar to those observed in normals.
5. Improvement in the liver disease was observed in all the patients during the period of study, as evidenced by a progressive decline in the serum bilirubin, degree of jaundice, and urine bile in each patient, a decrease in the size of the liver and spleen in two patients, and a distinct improvement in the histologic appearance of the liver structure in one patient. 6 . Improvement in liver function tests and physical findings was even observed in one patient who received insufficient amino acids and was in negative nitrogen balance for three weeks. This finding suggests that improvement in liver function in man can proceed even in the face of a negative nitrogen balance, perhaps as a result of mobilization of tissue proteins.
7. It is concluded that intravenously administered amino acids were well tolerated by these patients with severe liver disease, were metabolized and excreted in a manner differing little from normal, and permitted clinical improvement although administered as the sole source of nitrogen and of lipotropic substances.
